ABSTRACT Aftermath in several air pollution episodes with high concentrations of polycyclic aromatic hydrocarbons did not significantly affect health and performance of broilers despite its renowned sensitivity to polycyclic aromatic hydrocarbons. The aim of the study was to elucidate the previous lack of response in birds exposed to such severe episodes of air pollution. Benzo[a]pyrene (BaP) was used to simulate the influence of air pollution on hematology, selected organ function, and oxidative stress in broilers. One-day-old chicks were assigned to 5 equal groups composed of a control group, tricaprylin group, and 3 groups treated with BaP (at 1.5 µg, 150 µg, or 15 mg/kg of BW).
INTRODUCTION
The respiratory tract is constantly exposed to a variety of noxious materials and air pollutants including those by polycyclic aromatic hydrocarbons (PAH; Kendall et al., 2002) . Industrialization has resulted in substantial annual global discharge of this compound (King et al., 2002) into the environment (Saegerman et al., 2006) . Suppression of the antioxidant defense by PAH, especially benzo[a]pyrene (BaP) through aryl hydrocarbon receptor (AhR), leads to the generation of reactive oxygen species (Briedé et al., 2004) . Much more worrying is that regardless of its route of entry, BaP produces a systemic effect (Sun et al., 1982) . Metabolism or biotransformation through the phase I (P450 monooxygenase enzymes) and phase II (conjugating enzymes) pathway are requisites for detoxification and excretion of lipophilic chemicals such as BaP (Goksøyr and Förlin, 1992) .
Advances in studies on AhR have begun to clearly define its exact role (Karchner et al., 2006; Okey, 2007) . Nevertheless, differences in AhR properties contributed to the differential sensitivity with chicken (Gallus gallus) exhibiting dramatic sensitivity to PAH (Karchner et al., 2006; Okey, 2007) . Even though it is known that some PAH are immunotoxic (Knuckles et al., 2001) , little has been done to determine the effect of BaP as indicators of contamination by PAH in broiler chickens. Our previous work revealed that intratracheal (i.t.) administration of 15 mg/kg of BW BaP impairs the nonspecific respiratory defense mechanism (Latif et al., 2009) , which may lead to colonization of bacteria (Lorenzoni and Wideman, 2008) . The present study is the first to investigate the effects of BaP on hematological parameters, serum biochemistry, and oxidative stress in broiler chickens in an attempt to explain the susceptibility of broilers to BaP. Likewise, it is also aimed at establishing the minimum toxic dose of BaP in poultry via the i.t route. Such studies in birds are also of importance because the metabolism of BaP may be used as a biomarker of exposure to environmental pollutants.
MATERIALS AND METHODS

Chemicals and Experimental Birds
All chemicals used such as BaP (Sigma, St. Louis, MO), tricaprylin (ICN, Costa Mesta, CA), 1-chloro-2,4-dinitrobenzene (Fluka Chemika, Buchs, Switzerland), glutathione (Sigma), and other chemicals were of analytical grade.
One hundred twenty 1-d-old male broiler chicks (Cobb strain) were purchased from a local hatchery and kept at the farm of the Department of Animal Science, Universiti Putra Malaysia. Upon arrival, the chicks were weighed and divided randomly into 5 equal groups of 24 chicks each in 3-tiered battery cages. The chickens were raised according to routine management practice. All nutrients including water were supplied ad libitum to meet the requirements of the NRC (1994).
Experimental Design
Experimental procedures were approved by the Faculty Animal Care and Use Committee (approval no. 08R29/July08-Jun09). Tricaprylin (ICN) was used as the solvent for BaP (Sigma). In each treatment, the total volume of inoculum instilled to each chick was 100 µL. Chicks within different treatment groups were treated intratracheally by using a micropipette (Eppendorf, Hamburg, Germany) for 5 successive days as follows: control (untreated) group, tricaprylin group (100 µL), BaP (dissolved in 100 µL of tricaprylin) groups (1.5 µg, 150 µg, or 15 mg/kg of BW, respectively). Before being killed at d 7, 14, 21, and 35 postinstillation (p.i.), blood samples were collected via the heart into plain and heparinized vacutainer tubes and then 6 birds/group were killed.
Hematology and Serum Biochemistry
Part of the heparinized blood was subjected to hematological determinations in a blood counter (CellDyn 3700, Abbott Diagnostics, Abbott Park, IL) with standard reagents (Abbott Diagnostics) suitable for the analyzer. These included erythrocytic (red blood cells, RBC) values, leukocytic (white blood cells, WBC) counts, hemoglobin (Hb) concentration, packed cell volume levels, mean corpuscular volume, mean corpuscular Hb, and mean corpuscular Hb concentration. The remaining blood was centrifuged at 2,325 × g for 10 min to obtain the plasma, which was stored at −20°C until further use for the determination of malondialdehyde (MDA). The serum was used for determination of the following serum biochemical parameters: activities of alanine aminotransferase (ALT), gamma-glutamyl transferase (GGT), lactate dehydrogenase (LDH), alkaline phosphatase (ALP), aspartate aminotransferase (AST), creatine kinase (CK), and the concentrations of total protein (TP) and albumin levels using a clinical chemistry automated analyzer (Hitachi 902, Tokyo, Japan) with recommended standard reagents (Roche, Basel, Switzerland) suitable for this analyzer. All samples were analyzed within 2 h of collection.
Preparation of Homogenate
Lung and liver samples were carefully washed in icecold 0.9% NaCl and homogenized in ice-cold 1.15% potassium chloride in 50 mM potassium phosphate buffer solution (pH 7.4) to yield a 10% (wt/vol) homogenate using an Ultra Turrax T25 (IKA, Staufen, Germany). The homogenate was centrifuged at 15,000 × g for 30 min at 4°C and the supernatant was used for determination of MDA.
MDA Assay
Thiobarbituric acid reactive species were determined in duplicate. This method was described by Ohkawa et al. (1979) .
Determination of Microsomal Cytochrome P450
The lung and liver microsomal fractions were prepared as described by Rivière et al. (1985) . The pellet of the second centrifugation was resuspended in 0.25 M sucrose containing 10 mM phosphate buffer, pH 7.4, and was used for the determination of microsomal cytochrome P450.
The concentration of lung and liver cytochrome P450 homogenates was estimated from the dithionitereduced difference spectrum of CO-bubbled samples as described by Omura and Sato (1964) , using an absorption coefficient of 91 mM −1 ·cm −1 . Aliquots of tissue homogenate and microsomal pellets from each subfraction were analyzed for protein concentration using the BCA Protein Assay (Pierce Biochemical Co., Rockford, IL).
Glutathione S-Transferase Assay
The cytosolic glutathione S-transferase (GST) activity in lung and liver samples was determined in duplicate spectrophotometrically at 25°C according to the procedure of Habig et al. (1974) . The specific activity of GST is expressed as micromoles of GSH-2,4-dinitrobenzene conjugate formed per minute per milligram of protein using an extinction coefficient of 9.6 mM −1 ·cm −1 .
Liver and Lung Weight, Hepatosomatic Index, and Pulmonosomatic Index
Because substantial BW change is anticipated in this study, hepatosomatic index (HSI) and pulmonosomatic index (PI) are of importance (Sellers et al., 2007) . Liver and lungs procured at the stipulated p.i. interval were lightly blotted and individually weighed. Hence, the HSI and PI were calculated as follows: HSI = liver weight (g)/BW (g) × 100 PI = lung weight (g)/BW (g) × 100.
Statistical Analysis
The data were subjected to a 1-way ANOVA using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). Differences between means were determined using Tukey's test, in which the significance level was designated at P < 0.05. All data were checked for normality and homogeneity of variances.
RESULTS
The selected hematology of broilers during the experimental period is as shown in Table 1 . A trend of an increase of selected erythrocytic values is seen in all groups during the course of the experiment. Commencing from d 7 through 21, broilers from the 15 mg of BaP group had the lowest (P < 0.05) total RBC and Hb values. Although the packed cell volume of the latter group was only significantly (P < 0.05) lower than that of the other groups at d 14, such differences were comparable to that of the 1.5 and 150 µg of BaP groups on d 7 and d 7 to 21, respectively. On the other hand, the mean corpuscular volume values remained comparable between all groups; those of the mean corpuscular Hb and mean corpuscular Hb concentration were the lowest in the 15 mg of BaP group at d 14. However, at d 35, no significant changes were seen in any group except the Hb value in the 15 mg of BaP group when compared with tricaprylin group. The morphology of RBC in chicks from the 15 mg of BaP group was that of normocytic and microcytic type.
Similarly, an increasing pattern of WBC was seen in all groups as time advanced (Table 2) . However, such increment of WBC counts in the 15 mg of BaP group was the slowest and lowest (P < 0.05) commencing from d 7 until 21. The heterophil:lymphocyte ratio was higher (P < 0.05) in the 15 mg of BaP group at d 7 and 14 p.i. when compared with the other groups. 
EFFECTS OF BENZO[A]PYRENE IN BROILERS
Although there was an ascending increment of TP and albumin in all groups as time advanced (Table 3) , those at d 7 until 21 were the lowest (P < 0.05) in the 15 mg of BaP group.
The hepatic enzyme activities manifested fluctuations without any clear pattern in all groups during the course of the experiment (Table 4) . However, on d 7 to 14 p.i., the AST and GGT in the 15 mg of BaP group were significantly (P < 0.05) increased. Likewise, on d 7, increased levels of ALT, ALP, and LDH in the 15 mg of BaP group were the highest (P < 0.05). Nevertheless, no significant change was seen in the activity of CK at any instant.
MDA Levels
The levels of MDA in the plasma, lung, and liver are shown in Table 5 . However, higher (P < 0.05) levels of plasma, lung, and liver MDA were only seen in the 15 mg of BaP group throughout the entire experimental period except at d 35 in plasma MDA. Nevertheless, the lung MDA level in the 15 mg of BaP group was comparable to that of the 1.5 µg of BaP group at d 7 and to that of the 150 µg of BaP groups at d 7, 14, and 35. It was only at d 7 that the liver MDA level in the 15 mg of BaP group was comparable to that of the 150 µg group. After this, the highest liver (P < 0.05) level of MDA was attained in the 15 mg of BaP group until the end of the experimental period.
Liver and Lung Weight and HSI and PI
The liver and lung weight and HSI and PI indices of broilers during the experimental period are shown in Table 6 . The liver weight consistently increased as time advanced in all of the groups throughout the trial. In the 15 mg of BaP group, a significantly higher (P < 0.05) liver weight was observed when compared with the other groups except at d 35. A decreasing trend of HSI was seen in all groups over time, but the HSI of the 15 mg of BaP group was always the highest (P < 0.05) during the course of the experiment except at d 35 p.i. Nonetheless, an increasing pattern of lung weight was seen in all groups as time advanced. A decrement of PI was seen in all groups over time, whereas at all instances, the PI of the 15 mg of BaP group was the highest (P < 0.05). Significantly (P < 0.05) higher PI in the 150 µg of BaP group than the remaining lower level group was recorded at d 7 and 14 only.
Liver Microsomal Protein, Cytochrome P450, and GST Levels
The liver microsomal protein, cytochrome P450, and GST levels are shown in Table 7 . The high (P < 0.05) level of microsomal protein in the 15 mg of BaP group was only significantly different from the control and tricaprylin groups from d 7 until 21. Such differences were comparable to those of the 1.5 and 150 µg of BaP groups on d 7 to 14 and d 7 to 21, respectively.
Although the control group showed an increment of liver P450 levels as time advanced, fluctuations were seen in the tricaprylin, 1.5 µg of BaP, and 150 µg of BaP groups. At d 7, the 15 mg of BaP group had the highest (P < 0.05) concentration of P450 than any other group. This change continued until d 21 except that the P450 concentration was comparable to that of the 150 µg of BaP group at d 14 and 21. Again at d 7 p.i., changes in P450 concentration in the 150 µg of BaP group were always higher (P < 0.05) than those of the control and tricaprylin groups but insignificant to that of the 1.5 µg of BaP group.
The liver GST levels in the 15 mg of BaP group were significantly higher (P < 0.05) than the control group only at d 7 and to all other groups commencing from d 14 until the end of the experiment.
Lung Microsomal Protein, Cytochrome P450, and GST Levels
The lung microsomal protein, cytochrome P450, and GST levels are shown in Table 8 . The highest (P < 0.05) level of microsomal protein was only seen in the 15 mg of BaP group throughout the entire experimental period. However, at d 7, lung microsomal protein in the 150 µg of BaP group was significantly higher (P < 0.05) than that of the tricaprylin group only.
The lung P450 levels in the control, tricaprylin, and 1.5 µg of BaP groups remained unchanged throughout the experimental period and that of the 15 mg of BaP group remained significantly (P < 0.05) higher from all other groups except at d 21 and 35. At these 2 instants, the lung cytochrome P450 levels of the 15 mg of BaP group were similar to that of the 1.5 µg of BaP group at d 21 and to that of the 150 µg of BaP group at d 21 to 35.
The lung GST levels in the 15 mg of BaP group were significantly (P < 0.05) different from all other groups at d 7 and d 35. At d 14, the level in the 15 mg of BaP group was only comparable to that of the 150 µg of BaP group. 
DISCUSSION
This study represents an assessment of the widely used avian toxicology and biomonitoring blood profiles (Grasman, 2002; Garg et al., 2004) of broiler chickens exposed to BaP. It is strongly believed that the deleterious effects of BaP seen in this study were attributed to 2 main factors, namely the species used and metabolism of BaP.
The expressions of AhR under normal (Singh et al., 2009 ) and after exposure to xenobiotics (Hirabayashi and Inoue, 2009 ) on hemopoiesis have been comprehensively reviewed. In our study, AhR activation (de Oliveira et al., 2007) by the i.t. instilled BaP leading to P450 induction (Andrieux et al., 2004 ) generated systemic oxidative stress (Dalton et al., 2002 ) that later impaired hemopoiesis. This response reflected the widespread effect of BaP to be independent of its route of administration (Sun et al., 1982) because the lungs, liver, and blood were not spared. The reduction in RBC parameters (Knuckles et al., 2001 ) along with normochromic microcytic morphology in the 15 mg of BaP Table 7 . The liver microsomal protein, cytochrome P450, and glutathione S-transferase (GST) levels of broilers at postmortem (mean ± SD) group is indicative of PAH-induced anemia (Briggs et al., 1997) . This might have emanated via cyclindependent pathway (Pang et al., 2008) and inhibitory primitive hemopoiesis (Wang et al., 2003; Pang et al., 2008) . Alternatively, the changes seen implied that the broilers used were not AhR-deficient, conforming to our exhaustive search on the absence of documentation on AhR-deficient chickens (Yasui et al., 2007) . Leukocytes are the effectors of immune responses and have been assessed in many immunotoxicological studies of avian wildlife (Grasman, 2002) . The deviation of WBC count and heterophil:lymphocyte ratio from normal as observed in this study was mainly due to a decreased lymphocyte count (De Jong et al., 1999) . The decrement of WBC count suggests a direct effect of BaP on the hemopoietic tissues or an increase in the rate of destruction of the circulating leucocytes, or both (Mitchell and Johns, 2008) . It also may be due to the mobilization of lymphocytes from the blood stream to the submucosa of the intrapulmonary conducting airways (Lorenzoni et al., 2009) .
The ironic response of lack of susceptibility of broilers to the lower BaP dose used might be related to its distinctive anatomy and the respirable size of BaP (<2 µm in diameter). Compared with other species, the existence of specialized lung and air sacs (Corbanie et al., 2006) has rendered avian to be less affected by BaP at low levels. Our earlier experience revealed that severe biomass burning-based air pollution episodes did not adversely affect poultry production compared with other species (Noordin et al., 1998) . During that episode, the equivalent concentration of BaP was within that of 1.5 µg/kg of BW. It is possible that during that period although metabolism of BaP via AhR and P450 occurred, it was insignificant to elicit any discernible effect. Likewise, the amount inhaled could have been promptly eliminated by the body due to its low burden. Findings from our study also showed that the minimum dose of BaP to elicit toxic effect in poultry is 15 mg/kg (i.t) as opposed to mammals, which is 10 mg/kg (oral) (DeJong et al., 1999) . Although this may indicate that poultry were less sensitive to BaP toxicity, effects arising from different routes of administration should not be dismissed. However, the chance of avian being exposed to the respiratory route is much more likely than the oral route. Similarly, the dose of 15 mg of BaP could be sustained if the birds were close to the source of the pollutant (Lim and Ooi, 1998) .
In avian lungs, respirable particles such as BaP used in this study are deposited for long periods within the parabronchi and air sacs by sedimentation and Brownian movement (Brown et al., 1997) . Furthermore, particle clearance in this region is largely accomplished by phagocytic cells and is significantly slower than in the lung (Kiama et al., 2008) . Our documentation of the much longer elevated level of P450 in the lung compared with the liver supported the earlier mentioned findings (Brown et al., 1997; Kiama et al., 2008) . The lung anatomy would have either retained or channeled inhaled BaP to other nonvital parts of the body. We believed that much of the BaP at low doses was localized in the poorly vascularized air sacs and may be entrapped by heterophils and macrophages (Crespo et al., 1998) . Such stimuli and surveillance might have led to the administered BaP especially at the low dose being made unavailable and hence failure to elicit toxic response. The aftermath of such processes yielded inadequate biologically available concentrations of BaP. Such parts may be affected to a certain degree but the dose of BaP attained was insufficient to elicit overt signs, lesions, or system impairment. At higher doses, such scavenging systems might have been saturated, leading to an active biologically available BaP to elicit toxicity.
The possibility for the lack of susceptibility of broilers to a high dose of BaP to be due to the difference in the length and diameter of the avian trachea is eliminated (Frappell et al., 2001 ). In the design of this study, i.t. administration of BaP bypassed such barrier and no amelioration increases in resistance to flow is expected to exist as a variable.
The waning toxic effect of the BaP during the experimental period is closely related to the half-life of BaP, which is about 18 d (Sun et al., 1982) . After cessation of administration, decaying levels or absence of cumulative effect have led to almost negligible effect on tissues. This explains the return to comparable levels with controls and other lower dose groups.
Undoubtedly, the elevation of ALT (Golet et al., 2002) , AST, GGT (Harr, 2002) , LDH (Lumeij, 1997) , and ALP (Sallie et al., 1991) in chicks from the 15 mg of BaP group indicated hepatic damage. Here, the parallel elevation of AST and ALT coupled with the low activity of CK (Seiser et al., 2000) reinforces the diagnosis of hepatic damage and rules out muscular injury (Dabbert and Powell, 1993) . Indirectly, the hepatic compromise explained the reduction in TP as a result of hepatic dysfunction leading to hypoalbuminemia. This further suggested the possibility that the observed increase in AST levels (Golet et al., 2002) would have been as a result of increased activity of the PAH-sensitive hepatic P450 (Kennedy et al., 1996; Trust et al., 2000) . This in turn probably incited increased oxidative stress, as substantiated by increased MDA levels (Alonso-Alvarez et al., 2007) seen in the liver, lung, and plasma.
The key finding from these data is that only high levels of BaP may reduce efficiency of poultry production and increase susceptibility to infections due to their adverse effect on hematology and induction of oxidative stress. This has indirectly explained the failure to observe adverse changes in broiler production during the air pollution episodes (Noordin et al., 1998) . During that episode, the equivalent concentration was within that of the 1.5 µg of BaP group. It is possible that during that period although metabolism of BaP via AhR and P450 occurred, it was insignificant to elicit any discernible effect.
The observation of higher HSI and PI in the 15 mg of BaP group signifies toxicity (Knuckles et al., 2001 ) and hepatic response to injury (Sellers et al., 2007) . In our case, such response is likely due to either proliferation of smooth endoplasmic reticulum (Szczesna-Skorupa et al., 2004) , mononuclear infiltration, congestion, or sinusoidal dilatation due to oxidative stress generated by BaP (Garçon et al., 2001; Kepley et al., 2003) . The GST is a critical detoxification enzyme that primarily functions in conjugating functionalized P450 metabolites with endogenous ligands (reduced glutathione) favoring their elimination from the body of the organisms (Hartman and Shankel, 1990) . The cytotoxic effect of 15 mg of BaP involved alterations of GST enzyme and the activity of these enzymes was markedly increased in chickens exposed to 15 mg of BaP. This response is indicative of cellular oxidative stress because of the fact that the presence of lipid peroxidation products (Tables 7 and 8 ) apparently causes the induction of the activity of this enzyme that takes part in toxic compound removal. It has been observed that the presence of active oxygen species, as a primary response, induces GST gene expression (Zimniak et al., 1997) as similarly observed with other xenobiotics (Stewart et al., 1996) . There is persuasive evidence to support the induction GST and protection against a wide spectrum of cytotoxic, mutagenic, and carcinogenic chemicals (Reed, 1990) .
In conclusion, the avian lung anatomy and the halflife of BaP may yield differing results compared with those in mammals. However, i.t. administration of BaP would eventually lead to a systemic rather than a localized (pulmonary) effect despite being given through the respiratory route. Thus, an assessment of toxic effects of inhaled particulates in birds may warrant a systematic investigation of all possible tissues. Likewise, it is believed that during such exposure, birds are still at risk to infection with a detrimental outcome despite a rather transient or irreversible effect of inhaled BaP.
